Abstract In this study, an answer has been sought to several questions: Can substituents' impact on the electronic properties of molecules in the excited singlet states be summed up by a set of substituent constants? Are the well known, ground state Hammett r constants practical for this purpose? To answer these questions, the potentials and charges on atoms of the functional groups in two classes of compounds, p-substituted benzoic acids and p-substituted nitrosobenzenes, were regressed against r p . It appeared that all correlations found in the ground state of the molecules also hold in the excited state, with lower correlation coefficients in the latter. An attempt has also been made to find a molecular characteristic which could be useful in a comparison of the acidic properties of benzoic acids (in gas phase) in the first excited and ground states.
Introduction
Countless experimental and theoretical results have proven that electronic excitation of molecules is accompanied by redistribution of their electron density. Therefore, one may expect that electronic excitation will be accompanied by reactions, the rate constants of which will depend on the substituents in a different manner than recognized for reactions in the ground state. Indeed, such reactions are known which proceed to the same products in the ground and excited states but with different rates or equilibrium constants. This effect is manifested persuasively by the modification of acidity of some groups of compounds, to name for example phenols [1] [2] [3] [4] , carboxylic acids [3, 5, 6] , and amines [3] . The acid-base properties of these and other groups of compounds are thoroughly presented in [3] ; some earlier investigations into the problem of substituent effects on excited state reactivity are also described in [2] . As it is generally recognized that the Hammett constants reflect the electronic properties of substituents [7] [8] [9] in the ground state of molecules, it seems justifiable that similar correlations may also be searched for in the excited states. Indeed, the rates of some reactions in the excited state for a series of molecules differing in substituents could be correlated with the Hammett constants of the substituents, which were derived for reactions proceeding in the ground state. Of the rich array of photochemical phenomena one can mention the reaction of photoisomerization of 4, 4 0 -disubstituted stilbenes [10] as well as their photochemical characterization [11] which have been studied from the point of view of the impact of substituents on excited state processes. It was shown that for the compounds fluorescence quantum yield U and lifetime s f were mainly determined by the cis-trans photoisomerization rate and about a half of the log(1/s f ) and log U data points (in different solvents) show a linear dependence on (r X -r Y ), where X and Y are substituents at 4 and 4 0 positions, and r X , r Y -the Hammett constants for substituents in the para position to a functional group in benzene ring, generally known as r p . The derivatives which include a strong donor-acceptor X-Y pair followed another trend of reactivity. The Hammett relationship has also been found for hemithioindigo Z/E photoisomerization [12] . There are other reports concerning the experimentally investigated substituent dependence of the reaction kinetics in the first excited state; for example, proton transfer in 3-hydroxyflavones [13] and dissociation of phosphate esters [14] . It appeared, however, that the interpretation of some experimental results required the introduction of new sets of substituent constants, different from those devised for reaction proceeding in the ground state. For example, the new substituent constants for the first excited states were proposed based on the substituent effect on the acidity of phenols and benzoic acids [2, 4] . For the dissociation of phosphate esters the new set of special substituent constants, r exc , proposed by Baldry [2] was tested to account for the substituent-dependent rates of the heterocyclic cleavage of the carbon-oxygen bond. However, it was found that, in this case, the ground state r gave better correlations that r exc [14] .
As far as the theoretical results are concerned, statistically valid correlations were observed between the calculated energy barriers for intramolecular proton transfer processes in both the S 0 and S 1 states of substituted 2-(2-hydroxyphenyl)-5-phenyl-1,3,4-oxadiazoles [15] .
Unfortunately, there are relatively few reports on the systematic investigation of the impact of substituents on the reaction rates in the excited states. Therefore, it remains an open question whether the Hammett relation can be applied to other reactions in the excited states, e.g., photochemical reactions.
Apart from the excited state reaction rates, the impact of substituents on the spectroscopic properties in solution was also investigated. While the frequency maxima for the S 0 -S 1 transition of the base and acid forms of a dissociating compound showed very erratic variations with r, a good correlation was obtained between r and the difference of their shifts. The modified constants have also provided some improvement [3] . In this vein, more recently, for the interpretation of the experimental UV spectra for substituted stilbenes, another new set of substituent constants was applied; the constants were determined as the difference in maxima of absorption energy between a substituted molecule (M-Y) and unsubstituted one (M) [16] . It appeared that the set of constants thus obtained did not correlate with the Hammett constants. Therefore, it was recommended to apply the new excited-state substituent constants in a quantitative structure-activity relationship (QSPR) study of organic compounds in the excited state.
These results were completely at variance with other results of theoretical study of spectroscopic data, where linear relationships between the substituent constants and the calculated absorption, fluorescence, and phosphorescence wavelengths for 2-(2-hydroxyphenyl)-5-phenyl-1,3,4-oxadiazoles were found [15] .
Taking into consideration that the reactivity/spectroscopic data are not in full agreement, we decided to study the impact of substituents on the electronic properties of two sets of compounds: p-substituted benzoic acids and p-substituted nitrosobenzenes. The first group was selected because the empirical Hammett equation had originally been used to correlate the influence of substituents in the aromatic ring upon the acidity of benzoic acids in the ground electronic state. The second group was selected because nitrosobenzene is an attractive electrophile in catalytic C-N and/or C-O bond forming reaction based on the polarization of the N-O bond [17] and thus its reactivity should be directly modified by the changes of electron density.
It has previously been shown that potentials on atoms of the COOH group in a series of acids correlate very well with r p , therefore, may serve as an acidity measure in acids ( [18, 19] . We were interested in finding out whether similar correlations of the constants with atomic potential at the atoms of a functional group would hold in the first excited state as in the ground state.
On the other hand, it has been shown that the charge of the substituent active region, qSAR(X) (which is a sum of charges of all atoms of the substituent and of the C ipso it is attached to) [20] is also well correlated with sigma constants, either in monosubstituted benzenes [20] or in p-substituted benzoic acids [21] . It has been shown that also charges transferred between the active regions of a functional group and of substituents correlate with substituent constants. Namely, we found such correlations of calculated qSAR(X)-qSAR(NO) in p-and m-substituted nitrosobenzenes and the values of r p or r m [22] , where qSAR(NO) means the charge of the active region of the NO functional group. Therefore, we aimed to investigate whether the amount of the transfer in the excited singlet state of the two series of compounds, p-substituted benzoic acids and p-substituted nitrosobenzenes, also correlates with the Hammett constants.
Theoretical methods
Calculations concerning molecules in the ground state were carried out using density functional theory (DFT) and the Becke three-parameter exchange functional combined with the dynamic (non-local) Lee-Yang-Parr correlation functional (LYP), as implemented in the Gaussian 03 package [23] . The initial three-dimensional structures of the compounds were built using Spartan Pro software [24] , followed by preliminary semi-empirical geometry optimization at the Austin model version 1 (AM1) level. Subsequently, geometries were optimized and energies calculated using the Dunning's valence double zeta cc-pVDZ basis set, followed by the calculation of vibrational frequencies at the same level. Free energies of benzoic acids and their anions at 298.15 K were provided by the thermodynamic analysis included in frequency calculations; their difference DG was taken as the free energy of dissociation. The excited state geometries were optimized using CIS/cc-pVDZ and timedependent B3LYP, with the G09 package [25] .
The atomic charges were calculated by applying Natural Population Analysis (NPA) [26] . This is a Class II method of determination of partial atomic charges, according to the Cramer classification [27] (which involves direct partitioning of the molecular wave function into atomic contributions). The charge of a molecular fragment was calculated as the sum of the individual charges of the atoms of which it was composed.
The Atoms in Molecule properties were calculated with the AIM 2000 program [28] .
The set of substituents in both series of compounds was comprised of CN, CF 3 , Cl, H, CH 3 , NH 2 , NC, N(CH 3 ) 2 , SiH 3 , CH 2 Cl, CCH, COCl, NHCH 3 , COF, OH, CHF 2 , and NO for the series of benzoic acids, or COOH for the series of nitrosobenzenes. The Hammet constants r p were taken from the compilation of Taft et al. [9] .
Results

p-Substituted benzoic acids
First, a comparison of the correlations involving Hammett constants was made for a group of p-substituted benzoic acids. It appeared that for 15 out of 17 acids investigated here, the first optimized excited states were of pp* type, whereas for two, p-NO-and p-COCl-benzoic acid, the first excited state was of the np* type. Therefore, for the latter two acids, the results were taken for the S 2 excited state. This way, for all acids, the first pp* states were considered. The atomic potential and charges were calculated for the optimized as well as for the vertical excited states and compared with those in the ground state. The results of correlations of the potentials on the H atom of the COOH group with the Hammett constants are shown in Fig. 1a , where the potentials calculated for the optimized pp* states are compared to those in the ground state, and 1b, which is similar to 1a, but for the vertical pp* states. For the rest of the atoms of the COOH group, the corresponding correlation coefficients R are shown in Table 1 . Figure 1a and b shows that the V H potentials in the pp* excited state were generally lower than those in the ground state (except for NO substituent) and that in the ground state, the less negative potentials correspond to stronger acids, for which the substituent constants were large and positive (For example, for p-cyanobenzoic acid, the pK a in water equals 3.55, whereas for p-dimethylaminobenzoic acid it equals 5.03 [29] ; the Hammett constants for -CN and -N(CH 3 ) 2 substituents are 0.66 and -0.83, respectively). In case the same tendency holds for the comparison of acidities in the ground and excited states, one could expect the molecules in the pp* state be weaker acids than in the S 0 state, assuming that the sequence of acid strength is the same in the water as in the gas phase.
It turned out, however, that the calculated values of the dissociation free energy (here in the gas phase) do not univocally confirm this conclusion-for eight acids (with the CN, CF3, Cl, H, SiH 3 , NO, CH 2 Cl, and CHF 2 substituents) the calculated DG values for dissociation reaction are lower in the excited state, and for seven (with the CH 3 , NH 2 , NC, N(CH 3 ) 2 , OH, NHCH 3 , and CCH substituents) are higher in the excited states.
To gain better insight into the acidity differences we calculated other molecular characteristics which in the ground state are well correlated with the dissociation free energy DG, namely the NPA charge on the dissociating hydrogen atom, q H , and the electronic properties at the O-H bond critical points: the electron density q c.p. , and Laplacian L c.p. . A comparison of the ranges of the three characteristics in both states did not indicate whether the gaseous DG should be greater in the excited state or in the ground state: the q H , q c.p. , and L c.p. values were larger in the excited state than in the ground state. In the ground state the stronger an acid, the larger its q H and L c.p. and lower q c.p. . Therefore, our conclusion was that according to V H and q c.p. the acids in the first pp* state should be weaker than in the S 0 state, whereas according to q H and L c.p. they should be stronger.
These results indicate that none of the investigated parameters based on electron density can be used for a comparison of acid strength in both electronic states. However, all four characteristics (V H , q H , q c.p. , and L c.p. ) correlated fairly well with the Hammett constants. The corresponding correlation coefficients were 0.967, 0.950, -0.922, and 0.896 (whereas in the ground state they equaled 0.987, 0.979, -0.992, and 0.957). The excited state correlations were inferior to those in the ground state but still significant.
Apart from the electronic properties characterizing the functional group, the charges transferred between the active regions of substituents and of the functional group, which were found to correlate with the Hammett constants in the ground state [21] , were also investigated in the excited states. For this purpose, the NPA charges of the two groups (COOH and substituent) were added to charges of their C ipso atoms. A comparison of the results for the excited and ground states is shown in Fig. 2a and b .
It can be seen in the optimized and vertical excited states, that the correlations for the charges transferred between active regions (DqSAR) versus Hammett constant were very good. Additionally, the plots of the calculated DG in the ground and optimized pp* states versus DqSAR, shown in Fig. 3 , indicate that the latter values were more successful in the comparison of the acidic properties in both states than other characteristics. For some substituents, with a positive r p (e.g., CN, CF 3 , Cl, and CHF 2 at the right side of the intersection of the two lines) the plots point to larger values of DG in the ground state, whereas for the substituents with a negative r p (NH 2 , N(CH 3 ) 2 , NHCH 3 , at the left side) they point to larger values of DG in the excited state.
The properties of p-substituted benzoic acids in the excited state were also calculated by the TD DFT method, with the B3LYP functional. Unfortunately we succeeded in the optimization of only 11 (out of 17) molecules. For the 
p-Substituted nitrosobenzenes
For all 17 investigated compounds, the nature of the first excited state was np*, and of the second pp*. The energy difference between the two states amounted to about 3 eV, so it was easy to optimize the two states separately, S 1 (np*) and S 2 (pp*). The results of regressing the potentials at the nitrogen atom of the functional group against the Hammett constants are shown in Fig. 4a and b. The correlation coefficient values for V O plots in S 1 and S 2 are shown in Table 2 . The fact that potentials V N (and V O , not shown here) were less negative in S 1 than in the ground state might indicate that the atomic electron density was more positive in S 1 , i.e., less electron density was transferred from other parts of the molecule to NO. This can be confirmed by a comparison of the NPA charges of the NO group in the ground, optimized, and vertical S 1 (np*) state, which is shown in Fig. 5 .
On the other hand, V N and V O potentials in S 2 were shifted in opposition to each other relative to their values in the ground state, and the trend in q NO in S 2 could not be anticipated based on the V N and V O values. In fact, the NO charges in the S 2 (pp*) state were more negative than those in the ground state.
The modifications of the NO group charge as influenced by substituents are rendered by the plots of the charge transferred from the NO functional group active region to the substituent active region. The results are displayed in Fig. 6a and b , where the plots Dq(SAR) = qSAR(NO) -qSAR(X) are plotted versus r p . It can be seen that all the correlation coefficients for the plots were high, either for the optimized or vertical states. It can also be observed in S 1 , for all compounds, that the abscissa values are more positive or less negative in the optimized excited state. This means that for a given substituent, the NO group gains more negative charge in the ground state than in the excited state, which is in agreement with data in Fig. 5 . This effect should impact on the reactivity involving the nitroso group in the first singlet excited states of nitrosobenzenes. The Dq(SAR) values in S 2 (pp*) are very similar to those in the ground state (Fig. 6 ).
Conclusions
1. Potentials at the individual atoms of the COOH and NO functional groups were linearly dependent on the Hammett constants similarly in the ground and excited 
